Molecular metal nanoclusters and metal colloids are attractive systems to study surface and quantum-size effects on conduction electrons and phonons. Mössbauer spectroscopy is an excellent tool to study such phenomena. We present a detailed analysis of 197 Au Mössbauer spectra taken from a series of Au and Pt nanoparticles of sizes 1-17 nm. A central force model with only nearest-neighbor interactions gives a satisfactory description of the recoil-free fractions. A site-dependent local density-of-states approach is used to describe the surface and size effects on the electronic properties of the nanoparticles, as reflected in the Mössbauer isomer shifts and quadrupole splittings. A correlation of these parameters with the location of the site on the cluster surface is found. We conclude that, even for ligated metal clusters, the surface-atomic layer has predominantly ''metallic'' character, in the sense that it is a part of the total volume over which the electrons are delocalized, so that free charge exchange is possible between surface atoms and the inner core of the particle. For the smaller particles, the electron density is found to vary throughout the metal core, which is interpreted in terms of surface screening and quantum-size effects.
I. INTRODUCTION
Small metal particles, having a diameter down to a nanometer, are attractive subjects of both fundamental and technological research. Due to their large surface-to-volume ratio, they present ideal systems to study surface effects on the conduction electrons. Furthermore, as the size of the particles decreases to values comparable to the wavelength of an electron at the Fermi energy ͑about 1 nm for a metal͒, quantum-size effects will occur, due to the extreme confinement of the electrons. In this paper, we investigate the effects of the surface and of molecules bonded to it, besides the phenomena resulting from the small particle size. Mössbauer spectroscopy proves to be an excellent tool to study such size effects, since it is an element selective and local probe, providing information on different sites within the particle separately. In addition, size effects on the lattice vibrations can be observed. However, to obtain clear information, it is of crucial importance to avoid the need to average over size distributions, implying that all particles should have the same size, or at least nearly so. Fortunately, in the last decade, chemists have been able to prepare stoichiometric molecular cluster compounds that meet this requirement very well. 1, 2 They are composed of molecular metal clusters, stabilized by ligand molecules and atoms, which prevent the clusters from coalescing. In these compounds, all molecules are in principle identical and thus all clusters should have the same size, apart from possible deviations from stoichiometry, as may occur in such complex chemical compounds. In this work, we focus on a special class of these materials, the so-called magic number metal cluster molecules, as synthesized in recent years by Schmid and co-workers. 1 In these molecules, the metal cores ͑clusters͒ are composed of a central metal atom, surrounded by a number of successive full shells of metal atoms in fcc packing ͓as evidenced by extended x-rayabsorption fine-structure ͑EXAFS͒ and x-ray investigations [3] [4] [5] ͔. This results in clusters with 13, 55, 147, 309, etc. atoms per particle, corresponding to one, two, three, four, etc. full shells, respectively. Schmid et al. 1, 2 have prepared a series of Pt, Au, and Pd clusters of varying sizes, namely, Au2, Pt2, Pt4, Pd2, Pd4, Pd5, Pd7, and Pd8, where the number refers to the number of full shells of atoms. 6 Some of these could be synthesized with different ligands, giving the opportunity to study the effect of the ligands on the properties of the particles. 1, 2, 6 Using similar ligands, also colloidal substances consisting of larger metal particles, have been synthesized by Schmid and coworkers, albeit with a small distribution in size ͑5-15 %͒. These colloidal particles provide an attractive intermediate between the molecular clusters and the bulk metals, and will be indicated as M-c#. This designates a colloid of metal atoms of type M, and an average diameter of # Å . We will also report on a carbonylstabilized Pt 38 molecular cluster, synthesized by Ceriotti et al. 7 We remark that a previous Mössbauer study on large Au colloidal particles has been made by Viegers and Trooster. 8 Recently a renewed interest in Au particles has arisen because of their catalytic properties. 9, 10 In recent years, an extensive study of the size evolution of the physical ͑thermodynamic͒ properties of the above metal cluster compounds has been made, in particular on the Pd series. 11 In addition, several publications have appeared on the effects of ligand bonding on the electronic and vibrational properties of the clusters. [12] [13] [14] [15] Here we shall present a detailed analysis of a number of Mössbauer spectra, in combination with a reanalysis of previously published data. As will be shown, all Mössbauer data on the vibrational properties of the atoms within the clusters can be interpreted in a way consistent with results derived from specific-heat and EXAFS experiments. For instance, in the Au2 clusters, a lattice contraction was previously observed from EXAFS, 16 with a simultaneous stiffening of the lattice.
14 This is supported by the present analysis of the Mössbauer recoilless fractions ( f factors͒. In the Pt4 clusters, no appreciable lattice contraction was observed from EXAFS. 17 The f factors in Pt4 and Pt2 clusters can indeed be modeled on this basis, using interatomic force parameters derived from bulk properties.
Surface and quantum-size effects ͑QSE͒ on the electronic properties of the clusters have already been evidenced in earlier work, namely, in combined low temperature (T Ͻ1 K) specific-heat and magnetic-susceptibility measurements on the above-mentioned series of Pd clusters, 18 and in an extensive NMR study of a Pt4 cluster. 19 However, until now our published Mössbauer data on Au and Pt clusters 15, [20] [21] [22] [23] did not show clear indications of these effects, except for the metal atoms in the outermost layer, where the surface and the ligands influence the local coordination, site symmetry, and charge density. With the data presented here, we are able to show that the combination of Mössbauer spectra of the series of Au and Pt clusters clearly exhibits features that can be well explained in terms of an electronic local density of states which varies throughout the core of the particles. This interpretation is analogous to that previously used to explain the NMR data on Pt catalysts 24 and, more recently, on Pt4phen* (phen* is the 1,10-phenanthroline derivative͒. 19 As we shall argue, such a variation can be caused by the effect of surface screening, or may result from the QSE, or from a combination of both.
In addition, we shall discuss the correlations of the Möss-bauer parameters for the different Au sites at the surface of the clusters, with their nearest-neighbor coordination formed by other metal atoms and ligands. On the one hand, if we assume that the surface metal-atom layer is ''metallic,'' by which we shall mean that it is part of the total volume over which the electrons are delocalized in the particle, a narrowing of the 5d bands is expected at the surface ͑cf. Sec. III͒. This will cause a variation of Mössbauer parameters, depending on the local surrounding of metal atoms at each surface site. On the other hand, a large fraction of the surface atoms is bonded to ligands, which are adsorbed onto the metal particles. If the bonding with the ligands would render the surface layer ''nonmetallic,'' i.e., the surface Au atoms would be charged to definite valence states, a correlation may emerge between the Mössbauer parameters of a surface site and the type of ligand bonded to it, similar to the correlations found for monatomic Au complexes. [25] [26] [27] [28] In those compounds, the Au atoms have a definite valency and a local symmetry, which is determined by the ligand coordination.
A rigorous theoretical treatment of the electronic structure in transition-metal particles is very difficult, except for the smallest ones, containing only a few atoms. Local densityfunctional calculations indicate that the electronic structure can strongly deviate from that in the bulk. 12, 13, 29 For example, in ligated transition-metal clusters, the number of electrons in surface-atom s orbitals decreases in favor of that in d and p orbitals. 13, 30 The values of electric-field gradients and electron densities are very sensitive to these kinds of changes, resulting in variations of the Mössbauer parameters. In principle, these types of calculations could give us quantitative values for these Mössbauer parameters at the various sites. However, since we are also dealing with particles larger than can be handled in a rigorous treatment, we will in addition have to use a more qualitative approach to explain the observed trends in the physical properties. For this, we shall use general conclusions that can be drawn from jelliummodel calculations and tight-binding theory for surfaces and particles.
The outline of this paper is as follows. In the next section, a number of experimental details is presented. This is followed by a more detailed inspection of the surface and size effects on the Mössbauer parameters in nanoparticles, with respect to their electronic properties ͑Sec. III͒, and with respect to their vibrational properties ͑Sec. IV͒. In Sec. V, the experimental results are presented and discussed. We compare our interpretations with previous ones, and we will be able to draw conclusions from the general trends and the evolution of properties with particle size. Finally, in Sec. VI, a summary and conclusions can be found.
II. EXPERIMENTAL DETAILS
We report on 197 Au Mössbauer measurements on the nine materials tabulated in Table I . With the exception of the colloids, they are all molecular cluster compounds. So far these molecular compounds have not been obtainable in crystalline form, except for the Pt 38 , so that all-atom x-ray determinations of the molecular structure have been possible only for Fig. 2 for a drawing of the two-and four-shell clusters, Fig. 1 for the full molecular structure of Pt 38 , and Fig. 3 for a drawing of PPh 3 ͑triphenylphosphine͒, phen* ͑1,10-phenanthroline derivative͒, and cinc ͑cinchonidine͒. PNS is C 6 H 6 NNaSO 3 S•2H 2 O, Bu is a butyl radical, HAc an acetate molecule: CH 3 COOH, TSTPP is a trisulfunated PPh 3 , and MSTPP is a monosulfunated PPh 3 . The last column gives the average diameter of the metal core of the particles. The number of metal atoms in the Pt-c33 particles is based on a Pt6 geometry ͑see text͒, whereas those in the Au colloids are derived from their average volumes. 3, 7 has been compiled. The packing of the metal atoms in these cluster cores is fcc, and their shape is cuboctahedral, with eight triangular ͕111͖ surfaces and six square ͕001͖ surfaces ͑Fig. 2͒. We will divide the metal atoms of all particles into inner-core atoms and surface atoms. Each atom in the inner core has a cubic, 12-fold metal-atom coordination ͑fcc structure͒. For the surface atoms in the outer shell, this coordination is reduced, and some are bonded to the stabilizing ligands ͑cf. Figs. 1 and 3͒. Pt-c33 and the Au-c# series are colloidal substances, for which the numbers of metal atoms and organic ligands are only approximately known. Their sizes, and the width of the size distribution as given in Table  I , are average values obtained from transmission electron micrographs. Apart from a size distribution, also a distribution in the number of ligands cannot be excluded for these large particles.
Emission and absorption
197 Au Mössbauer spectroscopy was applied to the Pt and Au particles, respectively. All samples were in the form of powders. The Au particles were measured in transmission geometry, where they were used as an absorber held at temperatures between 1.25 and 30 K. As a source, a neutron-irradiated Pt powder (Ͼ95% 196 Pt) was used. The resulting 197 Au/Pt source has a single line, with natural linewidth ͑0.941 mm/s͒ 31 and a recoil-free fraction ( f factor͒ of 0.220 at 4.2 K, corresponding to a Debye temperature of 186 K. 32 During all measurements, the source was held at 4.2 K. The Pt particles were irradiated with thermal neutrons, and subsequently used as a source of 197 Au Möss-bauer radiation. This was absorbed by a 37-m-thick gold foil, held at 4.2 K. Its f factor at that temperature is 0.189, corresponding to the Debye temperature of bulk metallic gold ͑170 K͒. All spectra were recorded in the constant acceleration mode, and the velocities were calibrated using a Michelson interferometer. The emission method employed for the Pt particles has been fully described in Refs. 21 21 . For example, in the process a highly energetic electron is ejected. However, the electronic relaxation processes within the ͑metallic͒ cluster will be very short (Ͻ10 Ϫ15 s) with respect to the time scale of the Mössbauer event (10 Ϫ9 s), so that the electronic configuration within the ( 197 Au/Pt) ϩ cluster will have stabilized. The neutron-irradiation treatment was found to produce no substantial radiation damage in the Pt4phen* samples. 21 All fits to the data are evaluations of the transmission integral, 33 so that absolute values for the recoil-free fractions ( f factors͒ can be derived. The following values were used for the nuclear-spin Ϫ28 m 2 , Möss-bauer transition energy: E ␥ ϭ77345 eV, natural linewidth: ⌫ nat ϭ0.243 eV ͑corresponding to 0.941 mm/s͒, and internal-conversion coefficient: ␣ T ϭ4.30, corresponding to a total effective cross section 0 ϭ3.86ϫ10 Ϫ24 m 2 . The absorption ͑emission͒ profile is a sum over all sites, each consisting of a set of Lorentzian lines with a total relative intensity I, a quadrupole splitting QS, and a center-of-mass shift or isomer shift IS. The relative intensity I of a site is proportional to the product of the corresponding number of atoms and its f factor. This is a measure for the stiffness by which the atom is bound in the solid, and thus gives information about the phonons in the material. We note that the QS is proportional to the electric-field gradient at the nucleus, and that the IS is proportional to the difference in electron density at the nucleus in the absorber compared to that in the source. All values of QS and IS in this paper are given in terms of a Doppler velocity in mm/s. This velocity v is related to a variation in the ␥-ray energy E ␥ by ␦E ␥ ϭE ␥ v/c, with c the velocity of light. The IS is given relative to that of a 197 Au impurity in a Pt foil, denoted as 197 Au/Pt. For the Pt particles, the IS values are reversed in sign, because the particles were used as a source. A value of ISϭ0 for both Au and Pt particles means that the IS is identical to that in bulk. Furthermore, a more positive value of the IS indicates a larger electron density at the probing nucleus.
III. ELECTRONIC MÖ SSBAUER PARAMETERS OF METAL NANOPARTICLES
In this section, we shall clarify how size effects on the physical properties of metal nanoparticles can be probed advantageously by Mössbauer spectroscopy. A spectrum generally consists of several contributions, each arising from a different site in the particle. The local properties of each site determine the shape of the spectral contribution. Thus, provided that the local differences are large enough, the different spectral contributions can be resolved and physical information can be obtained for each site separately. More specifically, for different sites, values can be found for the IS, the QS, and the relative spectral weight I. The latter is a product of the abundance of the site with its ͑average͒ f factor. In the following, we will describe the expected sizedependent properties of our metal nanoparticles, starting with the simplest model and then making subsequent refinements. At every stage, the effects on the Mössbauer parameters will be discussed.
For a better understanding of the data, we mention here the much used QS-IS correlation diagram. In insulating monatomic Au complexes, the most common valence states are Au I , when the Au atom is linearly coordinated by two ligands, and Au III for a planar fourfold geometry. Other valence states or geometries are encountered only very rarely, e.g., Au
V in an octahedral sixfold geometry. Extensive experimental studies on many Au complexes have revealed clear correlations between the values of QS and IS. [25] [26] [27] [28] All values of IS are found to lie between Ϫ1 and ϩ5 mm/s. The QS in Au I compounds depends roughly linearly on the IS, rising from about 4 to 11 mm/s. For Au III compounds a similar linear dependence is found, but the QS is systematically lower than for Au I . Figure 4 shows the so-obtained QS-IS correlation diagram, where the gray bands indicate the regions within which almost all literature data fall. Also a region for the rare Au V is included. The actual data points in the diagram refer to the values resulting from various fits to the Mössbauer spectra of the materials in Table I , and will be discussed below.
We will also use the concept of a local density of states, i R (E). In its simplest form, it corresponds to the local charge density of the electronic states having a particular energy E. However, for the interpretation of the QS and IS it is more useful to project the electronic states onto atomlike orbitals i on a particular site R. By integrating i R (E) over E up to E F , an effective number of electrons n i in every orbital i can thus be found. The QS and IS are more easily related to these effective occupation numbers than to the original electronic states.
A. Surface and quantum-size effects in free-electron-like metal nanoparticles
In the simplest model for the electronic properties of the metal nanoparticles, one may completely neglect the presence of ligands. In a first approximation, the ͑valence͒ electrons in the metal can be treated as moving in a constant potential, since the attractive potential of the nuclei is largely screened by the inner-core electrons. This model, known as the jellium model, predicts an almost uniform electron density within the metal, at positions very far from a surface. As a result of screening, the density near a surface has a damped oscillatory behavior, with a period of about half a Fermi wavelength ͑about 0.26 nm for Au͒. Calculations on an infinite plane surface of sodium 34, 35 show that the amplitude of these Friedel oscillations decreases from about 10% to zero over the first 1.5 nm from the surface. Just outside the surface, there is a spillout of charge over a distance of about 0.5 nm. As the Mössbauer IS is sensitive to the valence electron density, similar behavior of the IS as a function of distance from the surface into the metal can be expected.
As the Fermi wavelength in a metal is of the order of a nanometer, strong quantum-size effects ͑QSE͒ can be expected when the particle diameter comes into the range of a few nanometers. In bulk metals, the local density of states, i (E), forms a ͑pseudo͒continuum around E F . A single atom, on the other hand, has only discrete electronic energy levels. A nanoparticle is just in between these two extremes;
i (E) is discrete, as in an atom, but the distance between levels becomes smaller as the particle size, and thus the number of electrons in the particle, increases. The presence of these quantum gaps results in dramatic effects in, e.g., the thermodynamic properties of nanoparticles, such as magnetic susceptibility, NMR, and specific heat, at temperatures lower than the average level splitting around E F . These physical quantities crucially depend on the possibility for transitions between electronic levels around E F . Contrastingly, the development of quantum gaps around E F will affect the Möss-bauer IS and QS much less, since these parameters depend on the integral up to E F of the local density of states, projected onto atomic orbitals.
The quantum-size effect on the spatial variation of the electron density inside the particles can again be assessed qualitatively on the basis of jellium-model calculations for simple metal clusters. When the particles are approximated by spheres, the electrons are organized into atomlike orbitals, resulting in an electronic shell structure. 36 Proof for the presence of such a shell structure in real clusters has been found for alkali-metal clusters produced in beams. 37, 38 As in every atomlike system, the electron density depends strongly on the distance from the center of the spherical potential. Detailed calculations for the spherical jellium model, evaluated at zero temperature, 39 show that the electron-density fluctuations can be as large as 50% of the average density for Na particles containing up to 58 atoms. For increasingly larger particles, the oscillations evidently smear out, and the electron-density variation approaches more and more the ͑Friedel oscillation͒ profile, appropriate for an infinite plane metal surface. These considerations show that the QSE may lead to a spatial variation of the IS throughout a nanoparticle, in particular since the IS is very sensitive to the 6s-electron density.
Thus we have identified two possible mechanisms by which the Mössbauer IS can vary as a function of distance to the surface. For small particles ͑with a radius up to about 1.5 nm͒, the ͑Friedel͒ oscillations due to surface screening will be appreciable over the whole particle, and it will be difficult to distinguish them from oscillations due to the QSE. For the larger particles, the latter will gradually disappear, restricting the fluctuations to the Friedel oscillations in the outermost layers.
B. Local density-of-states approach "tight binding…
Next, we have to take into account that our nanoparticles consist of the 5d-transition metals Au and Pt, instead of a free-electron-like metal. Full molecular-orbital calculations on one-shell Pt 13 clusters ͑and other small particles͒ 40 show that the shapes of the cluster orbitals around E F resemble those of localized 5d orbitals, which are deformed at the particle surface, following the local coordination. From such calculations one could in principle also derive quantitative values for the Mössbauer parameters (IS and QS) using a local density-of-states ͑LDOS͒ approach. However, since the computational effort is very large for Au and Pt particles with more than say 50 atoms, we cannot resort to a full calculation of the molecular orbitals here. Instead, we will use the local density of states with more qualitative arguments to gain some insight into the Mössbauer parameters.
The projection of the total wave functions onto definite atomic orbits allows one to treat 5d, 6s, and 6p electrons separately. The relatively high-energetic 6p electrons only become relevant when they are covalently mixed with ligand orbitals or affected by crystal-field splitting. Therefore, we will neglect them for the moment. In gold and platinum metal, the 6s electrons are highly delocalized, and can be treated as nearly free. The results of the previous subsection may be applicable to them, assuming a separation into 6s-and 5d-electron contributions as a reasonable approximation for our purpose.
The 5d electrons are, even in the metallic state, to a large extent localized, so a tight-binding model can be used to evaluate the changes produced at the surface. It is useful to recall that the reduced metal-atom coordination at the surface narrows the LDOS at the surface, 5d
sur f (E). Layer-resolved ͑slab͒ calculations on i j (E) ͑as a function of atomic layer j, counted from the surface͒, in a tight-binding solid, show as a very general result that the LDOS ''heals'' back to the bulk structure in at most two or three atomic planes. 41 Analogous results are found in layer-resolved density-functional calculations on large Au clusters. 29, 42 The narrowing of the LDOS at the surface has been verified in several experimental studies. 43, 44 A similar healing model has also been used to explain NMR data on Pt nanoparticles in catalysts, 45, 46 and also specifically in an NMR study on the same Pt4phen* clusters as investigated in this paper. 19 There, the 5d LDOS at E F was assumed to decrease near the surface over a healing length of about 0.6 nm, 19 which is much more than a single atomic layer. The narrowing of the 5d band results in an increase of n 5d sur f at surface atoms, for more than halffilled 5d bands ͑like in Pt and Au͒. This results in an upward shift of all levels at the surface, effectively increasing n 5d sur f at the cost of n 6s sur f . The redistribution of electrons was shown to happen mainly at the surface layer. 47 Calculations on these surface level shifts 48 S, in cuboctahedral Au2 clusters, give values of Sϭ1.09, 0.87, and 0.63 eV for, respectively, the corner, edge, and face atoms. 29 The width of the 6s band is about 15 eV. We can thus estimate ⌬n 6s sur f due to the surface level shift, by assuming a constant LDOS over the whole 6s band. This band can obviously accommodate two electrons, so ⌬n 6s sur f Ϸ2S/15, leading to ⌬ISϷϪ1.2, Ϫ0.9, and Ϫ0.7 mm/s, respectively, since a change of one 6s electron changes the IS roughly by ϩ8.0 mm/s. 49 We can conclude that possible variations in the IS over the surface ͑within 0.5 mm/s͒ will be much smaller than those in insulating monatomic Au complexes ͑over about 5 mm/s͒.
Another important effect of the surface is the reduced local symmetry, imposed by the decrease in the metal-atom coordination, varying from site to site over the surface. In crystal-field theory, the order and occupation of the 5d m levels ͑with a different z component of the orbital momentum, indicated by the quantum number m) depend on this symmetry. Similarly, the 6p x,y,z levels will be affected, and may become partially populated, which can have large consequences for the value of QS. Also the periodic potential of the bulk is cut off, which allows for the formation at the surface of new exponentially decaying solutions to the Schrödinger equation. The energy of such a surface state lies in a bulk band gap. The surface density of states is increased in the gap, at the cost of density at nearby band edges. 50 Although i sur f (E) can thus change significantly at the surface, the influence of localized surface states on n 6s sur f is probably negligible, since E F is not close to the 6s-band edges. Still, the proximity of E F to the top of the 5d band may cause changes in n 5d m sur f , due to the formation of such surface states. Summarizing, we have argued in the above that variations in n 6s R , inside the metal particles, will be mainly caused by
Friedel oscillations and QSE. On the other hand, n 5d m sur f and n 6p n sur f are mainly influenced by the local symmetry of the surface sites. n 5d m sur f can be further affected by 5d-band narrowing, surface level shifts, and possibly the formation of surface states, whereas n 6s sur f will be roughly constant. Since the number of nearest neighbors is different for the various surface sites in our cuboctahedral clusters, the degree of 5d-band narrowing will also vary. Thus, we may expect a correlation of n 5d m sur f and n 6p n sur f ͑and so of the QS) with the geometry of the site on the cluster surface. These surface effects may cause changes in i R (E) deeper into the bulk as well, e.g., in the layer directly below the surface layer.
C. The effects of ligation
In ligated molecular metal clusters, many of the surface atoms have chemical bonds to the ligands, or are influenced by ͑possibly charged͒ adsorbed atoms and small molecules, as, e.g., O 2
Ϫ␦ . This has consequences, not only directly for these surface atoms, but also for the structural and electronic properties of the cluster as a whole. As regards structural aspects, it is important to recall here that the structural stability of ligated metal clusters is to a large extent determined by the ligand shells. 1, 2 The steric repulsion between voluminous ligands can cause an expansion of the volume of the particle metal core. 42 On the other hand, the surface tension becomes an important term in the free energy of a small particle, because of the large surface-to-volume ratio. In general, this is expected to cause a volume contraction in freely suspended bare metal clusters. 29, 42, 51, 52 A direct result of a reduced particle volume is an increased average electron density, and thus an increased average value for IS. For ligated cluster compounds, it is of interest, in this respect, to note that even for relatively small clusters, the metal-metal distances inside the cores are quite close to bulk values. E.g., in Pt 38 ͑Ref. 7͒ and Pt4phen*, 17 most of the bond lengths are within 1% of the bulk value.
Regarding the electronic properties, the presence of ͑charged͒ adsorbed molecules and atoms has to be considered in addition to the effects of the surface itself, as described in the previous subsections. The monopole and dipole moments of the adsorbates will result, as before, in changes of 6s,6p,5d (E) at the surface. However, since the Thomas-Fermi screening length in Au is of the order of half an interatomic distance, any surface effect is screened very effectively by the delocalized 6s electrons, resulting in a very fast recovery of 6s,6p,5d (E) deeper into the particle.
Chemical bonds may have additional effects. One comes from charge transfer to the metal particle, resulting in a slight change of the Fermi level. The resulting changes in n 6s , n 6p n , and n 5d m in the inner core of the particle probably decrease with increasing particle size, since the charge change is delocalized over the whole particle. Another effect due to the mixing of ligand orbitals with surface metal-atom 5d, 6s, and 6p orbitals could be that the occupation of these surface metal-atom orbitals and their contribution to the values of QS and IS might become comparable to those found in insulating monatomic Au complexes. This could happen when the ligation of the surface atom results in a charge localization. As long as there are metallic bonds between the surface atoms and the rest of the particle, these atoms will tend to keep their charge equal to that in the inner core, prohibiting the formation of definite valence states. If, however, the metallic character of these bonds is lost, charge may accumulate on the individual surface atoms and their QS and IS values could become reminiscent of Au I or Au III . The correlation between QS and IS would then depend on the symmetry imposed by the ligands in combination with their image potentials. That mixing of ligand orbitals with those of the surface metal atoms can indeed have large consequences on the effective number of electrons in the different orbitals is confirmed by calculations and experiments on carbonylated Ni clusters. 13 There, the CO orbitals repel the 4s orbitals of surface atoms, which causes an increase of n 3d at the cost of n 4s . Ultimately, the 3d band was predicted to become completely filled at the surface, which explains in fact the experimentally observed quenching of the magnetic moments on the Ni atoms, at the surface of Ni carbonyl clusters. 53 It is noteworthy that in very small ligated clusters, such as, e.g., Au 3 Fe, 54 AuRu 2 , 55 and Au 2 Ru 3 , 55 low values of IS were measured ͑0.7-2.1 mm/s͒, which was attributed to a relatively low population of Au 6s orbitals, supposedly caused by a donation of these 6s electrons to a cluster orbital which is delocalized over all metal atoms. Also in ligated Pt 3 Au and Pt 3 Au 2 clusters, such a correlation between the Mössbauer parameters and the degree of electron delocalization was found. 56 There, it was also found that the Möss-bauer parameters do not depend much on changes in the bridging (PPh 3 -like͒ ligands between the Pt atoms. Thus, even in clusters containing only four metal atoms, electronic delocalization was found, and correlates with low values ͑be-low 2 mm/s͒ of the IS.
We can thus make a distinction between a ''metallic'' and a ''nonmetallic'' ligated surface layer. We define a ''metallic'' surface layer as one that is part of the total volume over which the electrons are delocalized. In that case, charge can be freely interchanged between surface metal atoms and the inner core, and the surface may keep its charge per atom close to that in the rest of the particle. Nonetheless, due to effects like the QSE described above, the LDOS at the surface can still differ from that in the inside of the particle. In the opposite case of charge localization at the surface metal-atom orbitals, individual surface atoms may develop local valence states, and the values of QS and IS of these surface sites would increase, and correlate with the type of ligand coordination found in monatomic Au complexes. For the ''metallic'' surface layer, however, the QS may still be correlated with the local metal-atom coordination of the surface site, whereas the IS should be roughly constant over the surface, at a low value, probably below about 2 mm/s. We will investigate the applicability of both scenarios in Sec. V.
IV. VIBRATIONAL MÖ SSBAUER PARAMETERS: SIZE EFFECTS ON THE PHONON MODES
The phonon modes in small particles are substantially different from those in bulk. Since Mössbauer-effect spectroscopy is a local probe for the atomic vibrations, this has large consequences for the f factors ͑recoil-free fractions͒ of the various atoms in the particle. Due to the size effect ͑small number of atoms͒, the number of available phonon modes is relatively small, so the concept of a continuous phonon density of states, as in the bulk, can no longer be used. Instead, other models like the elastic continuum approximation 57 or a central force model 20 allow the calculation of the phonon modes inside the particle, and lead to a discrete phonon density of states. This discreteness results in the formation of a low-frequency cutoff in the phonon spectrum, similar to the gap around E F in the electronic density of states as a result of the QSE. We will employ a refinement of the central force model already used by Smit et al. 20 to calculate the f factors of each individual atom in a cluster. We describe here the most important aspects of this model.
The emission ͑absorption͒ of a Mössbauer photon results in a transfer of the momentum of the photon to the lattice. A fraction f intra of all emissions ͑absorptions͒ results in a recoil of the particle as a whole, whereas otherwise the emitting ͑absorbing͒ atom recoils, and creates a vibration in the particle, a so-called intraparticle phonon. This fraction f intra can be obtained from the central force model, as described by Smit et al., 20 which depends on a matrix V of second derivatives of the central potential in which each atom moves. The matrix elements have the dimensions of a force constant C, and describe the interaction strength between two atoms.
If the momentum is transferred to the particle as a whole, this recoil momentum is subsequently transferred either to a phonon in the two-component medium of ligands plus metal cores ͑interparticle vibrations in the matrix͒, or to the whole sample. The two-component matrix can be approximated by an effective Debye solid, 21 with Debye temperature D inter , so the usual Debye formula for the recoil-free fraction can be applied. ͓See Ref. 58 , p. 61, Eq. ͑3.84͒.͔ The fraction of all particle recoils that results in a transfer of momentum to the whole sample can thus be obtained. This fraction is called the interparticle f factor, f inter . As usual for a Mössbauer event, the associated energy loss for the recoil of a macroscopic sample, as a whole, is much less than the natural Mössbauer linewidth, and thus a resonant emission ͑absorp-tion͒ occurs. The analysis of f factors depends further on the assumption that the net resonant fraction of photon emissions ͑absorptions͒ equals the fraction of photon emissions ͑ab-sorptions͒ which result in a recoil of the particle as a whole, times the fraction of all particle recoils resulting in a resonant emission ͑absorption͒:
The validity of this approximation can be expressed by the statement that the inter-and intraparticle vibrations are completely decoupled: ͉͗u͉ 2 ͘ tot ϭ͉͗u͉ 2 ͘ inter ϩ͉͗u͉ 2 ͘ intra , where ͉͗u͉ 2 ͘ is the mean-square displacement of the atom. Another way of saying this is that the interparticle phonons in the soft matrix do not interact with the intraparticle phonons, except when the latter have a zero-wave vector, in which case the interaction represents the recoil of the particle as a whole, which can result in the creation of an interparticle phonon. 59 Smit et al. 20 considered homonuclear clusters, with only nearest-neighbor interactions, in their model. Since all atoms are identical, they needed the value of only one force constant C to find f i intra for all atoms i in the cluster. For Au particles, this presents no problem, so we will take exactly the same model with C Au-Au as the force constant. For the Pt particles, however, due to the application of the emission technique, the probing atom is not a Pt atom, but an Au atom in a Pt matrix ͑cf. Sec. II͒. The force constant describing the interaction between this Au atom and its Pt neighbors will be different from that between the Pt atoms themselves. Thus we will introduce two force constants C Au-Pt and C Pt-Pt into the matrix V, from which again all f i intra are calculated. This involves a different matrix V for every ͑inequivalent͒ position of the Au atom in the Pt particle, since changing the location of the Au atom affects all phonon modes of the particle. In any case, f i intra varies from atom to atom in the particle, and depends strongly on the number of nearest neighbors. A surface atom is less tightly bound to the crystal than an atom in the inner core, and its f factor will be lower. ͑See also Table II.͒ For a reliable and unbiased analysis, it is important to obtain, as a reference, bulk values for C Au-Au , C Au-Pt , and C Pt-Pt from other experimental quantities that may be measured in bulk solids. These values can be used either to compare with experimental values, as obtained from fitting the Mössbauer spectra, or as fixed parameters in modeling our nanoparticles. In the latter approach, the only remaining free fitting parameter to describe all f factors is D inter , giving information about the stiffness of the matrix ͑ligands plus metal particles͒.
In order to obtain values of the force constants for the bulk, which can reliably be used for the cluster f-factor analysis, it is best to use exactly the same central force model to calculate a bulk f factor, and adjust the force constant so that this bulk value is equal to that experimentally found. Denoting the zero-temperature limit of f as f 0 , in this model 20 Ϫln
Here s is the frequency of vibration mode s, which is in general proportional to ͱC/M.
A s is a normalized vibration amplitude of mode s, and does not depend on the atomic mass M or on C. E R is the recoil energy of an atom, which is inversely proportional to its mass M. Thus Ϫln f 0 ϰ1/ͱM C, so that DϵϪͱM C ln f 0 is a ͑positive͒ constant depending on the crystal structure and the ␥-ray wave vector only. We calculated D for a central atom surrounded by a varying number N of full shells of atoms, retaining the fcc structure. In Fig. 5 63 We also need a value for the force constant of an Au-Pt bond C Au-Pt bulk . We expect C Au-Pt bulk to be much lower than C Pt-Pt bulk on the basis of the low Debye temperature for bulk 197 Au/Pt, which equals 186 K, 32 as derived from a calibration of the f factor of a 197 Au/Pt source at 4.2 K. This is much lower than Pt , almost as low as Au . We use a similar procedure as above for pure gold to obtain a value for C Au-Pt bulk . Assuming C Pt-Pt ϭ45.3 N/m, as derived above, and varying the values for C Au-Pt , the f factor is calculated of a single central Au atom surrounded by an increasing number N of full shells of Pt. In Fig. 6 we plotted Ϫln f 0 as a function of 1/N. C Au-Pt is adjusted such that the extrapolation to 1/N→0 ͑the bulk 197 Au/Pt limit͒ is consistent with Ϫln f 0 ϭ1.510, which is derived from the experimental value f (Tϭ4.2 K)ϭ0.220 using the Debye model. The result is C Au-Pt bulk ϭ27.4Ϯ1.2 N/m. It is interesting to note that Ϫln f decreases ( f increases͒ with decreasing particle size ͑cf. Figs. 5 and 6͒. This can be understood in terms of the quantum-size effect on the phonons, which should lead to a low-frequency cutoff in the phonon density of states ͑see, e.g., Ref. 64͒. The average size of the low-frequency cutoff should scale with the inverse volume of the particle. In crude terms, one could say that phonon modes with a wavelength larger than the particle diameter do not fit in. From the factor 1/ s in the formula for f intra , 20 Ϫln f intra ϰE R ͚ s (A s 2 / s ), it can be easily seen that the largest contribution to this sum comes from the low- frequency phonon modes. The low-frequency cutoff in small particles results thus in systematically higher values of s , leading to an increase of f intra . In the next section, we will present the experimental results of the Mössbauer investigations. We will use f factors calculated from the above-derived bulk force constants. In Table II , we have collected the result for f intra of all crystallographically different atoms in the investigated molecular Pt clusters. In the actual analysis, many of these atoms are taken together, and treated as a single site, with the same IS and QS. The relative intensity I is then simply the sum of all separate values I s for all atoms s in the site.
V. EXPERIMENTAL RESULTS
After the above preparatory steps, we now have a sufficient basis to present and discuss the experimental Möss-bauer spectra for the particles tabulated in Table I . We start with the 197 Au Mössbauer spectra of the Pt4 nanoparticles, followed by the successively larger Pt and Au colloids. Finally, we discuss the spectra of the Au2tpp, Pt2, and Pt 38 particles in light of the results obtained from the large particles. As part of the procedure, we will reanalyze three 197 Au Mössbauer spectra which were previously recorded and published by Mulder et al. 21 ͑on Pt4phen* and Au2tpp͒, and by van de Straat et al. 23 ͑on Pt 38 ). We remind here that 197 Au Mössbauer measurements on Pt x particles are actually done on (Pt xϪ1 Au) ϩ , due to the conversion of one Pt atom into Au by the neutron irradiation. Since the differences between the electronic configurations of Au and Pt are not very large, we will use the (Pt xϪ1 Au) ϩ particles as models for the original Pt x particles.
Mulder et al. 21, 22 analyzed the f factors within the central force model using a single intracluster force constant, the values of which were found to deviate strongly from those derived from bulk properties. This discrepancy was attributed to a lattice softening in the nanoparticles. 21, 65 Although the force constants appeared to agree with specific-heat data on the Pt4phen* cluster, 65 it was later pointed out by Volokitin that the ligands can contribute strongly to the specific heat. 66 He showed that for ligand-stabilized Pd particles, after subtracting the contribution of the ligands, the specific heat related to the intraparticle vibrations could be explained well with the bulk speed of sound, and thus without any lattice softening. In Au2tpp particles, a change of lattice stiffness was observed, with a simultaneous lattice contraction. 14 In Pt 38 and Pt4phen*, most of the interatomic distances deviate at most by 1% from the bulk value, as observed from x-ray 7 and EXAFS ͑Ref. 17͒ studies, respectively. Therefore, we will assume that the Pt nanoparticles are, like the Pd clusters, not subject to any lattice softening. Instead, as described in the previous section, we shall put as our basis that the central force model for the f factors applied to the Möss-bauer data in Pt particles needs two force constants, and we will use the values as derived above from bulk parameters (C Au-Pt ϭ27.4 N/m and C Pt-Pt ϭ45.3 N/m) to calculate the relative intensity I for each site separately ͑cf. Table II͒ . We will show below that this leads to quite satisfactory fits to the experimental data.
When comparing the measurements of the larger particles ͑see Figs. 7-10͒ with the data on the Au2 series ͑see Fig. 11 below͒, one can see immediately that the structure in the former spectra is less pronounced. Therefore, to model these spectra, not all parameters for all sites can be left free in the fits to the data. We have to make some physically plausible assumptions, in order to fix or to correlate some parameters. First, since we will assume that the refined central force model ͑with two force constants͒ can be applied, all relative intensities I can be fixed. Second, based on the considerations of Sec. III C, we will compare the two scenarios in which either the various surface metal atoms are in a definite valence state, corresponding to a ''nonmetallic'' particle surface, or that they all have the same IS value, corresponding to a ''metallic'' surface layer. In a ''nonmetallic'' surface layer, the atoms will have effective charges, with IS and QS values similar to those in monatomic Au complexes, due to the ligands attached to these surface atoms. In this scenario, we will use the IS as a free parameter, restricted to the range of from Ϫ1.0 to ϩ4. 5 Fig. 4 and are representative of the observed empirical relationships between IS and QS. Which ligand leads to which valence state of the corresponding atom remains to be determined by fitting the experimental data, assuming various combinations. The second assumption-having a ''metallic'' surface layer-corresponds to a model with a single IS value as a free parameter for the whole surface. The QS is then left free and is assumed to correlate with the local metal-atom coordination of the probing Au atom. Finally, for all the atoms in the inner core of the particles we shall put QSϭ0, but allow the electron density ͑and thus the IS) to vary for different successive shells of atoms within the inner core. Since we assume an uncontracted lattice in the Pt particles, we don't have to correct IS for any volume change. The results of a detailed reanalysis of the previously published Pt4phen* Mössbauer spectra are presented first. Figure 7͑a͒ shows the spectra recorded by Mulder et al., 21, 22 together with their analysis. Inside the spectrum several lines are drawn as guides to the eye, representing contributions from different sites. In their analysis, Mulder et al. used a single force constant, and the surface sites were correlated with the attached ligands. Both the QS and IS for each site were taken as free fit parameters. On the basis of the molecular structure and chemical composition, they assumed the following ligand coordination: 36 phen* ligands on each corner and on each edge, and 14 O 2 molecules on the center of each square and triangle. Accordingly, the surface was divided over three sites ͑for the abbreviation of sites, see V . All 147 atoms in the three core shells were taken to be equivalent, implying a single value for the electron density throughout the core. IS for this single core site was found to be equal to the bulk 197 Au/Pt value. From this it was concluded that the electron density in the inner core is indistinguishable from that in the bulk metal, so that the influence of surface ligation is already completely screened by the electrons in the outer shell of surface atoms. From a fit of the temperature dependence of the f factors between 1.8 and 40 K, D inter ϭ17 K was found, and Cϭ26 N/m. These values were in reasonable apparent agreement with an earlier analysis of specific-heat data on this compound by Baak et al. 11, 65, 67 ( D inter ϭ15 K and C ϭ20 N/m). The deviation of the fit from the data near Ϫ1 mm/s, as clearly seen in the difference plot of Fig. 7͑a͒ , was neglected at the time.
A. The four-shell
Based on the considerations in Sec. III, we now present improved fits to the same data. As explained above, there is experimental evidence that the intraparticle vibrations of Pt4phen* can be modeled using bulk parameters, so we now use the relative intensity I as derived from C Au-Pt ϭ27.4 N/m and C Pt-Pt ϭ45.3 N/m ͑the values for bulk 197 Au/Pt, cf. Sec. IV and Table II͒, and D inter ϭ15 K, as found from the specific-heat data by Baak et al. 65 The thus calculated temperature dependence of the total f factors fits the experimental data just as well as before 21 ͑not shown͒. In Fig. 7͑b͒, a fit 21, 22 ͓fit shown in Fig. 7͑a͔͒ . A fit was made with only two free parameters, namely, the IS for bare and bonded surface sites, from which the QS was calculated. As can be seen, the fit in Fig. 7͑b͒ is very similar to that in Fig. 7͑a͒ . Thus, we can indeed explain the f factors in the Pt4phen* particles without having to assume an artificial lattice softening, in agreement with the reanalysis of the specific-heat data. Furthermore, limiting the QS-IS pairs to the heavy solid lines of Fig. 4 appears to be a valid way to reduce the number of free parameters.
Still, the fit on the basis of one single line, with natural linewidth and ISϭ0 for the inner core of the particle, deviates substantially from the data around the inner-core contribution. To improve the fit, we can either allow for QS 0, or introduce more than one site for the core. A nonzero QS in the core is very unlikely, since the atomic packing in the core is cubic, as in the bulk. On the other hand, as explained in the above, the IS may vary throughout the core due to the ͑combination of͒ QSE and surface screening effects. With this in mind, we attempt another fit, in which we divide the inner core into two contributions, namely, the 55 atoms in the innermost two shells and the 92 atoms in the third shell. The IS value of both contributions is left free, whereas the QS is assumed to be zero. With these changes we obtain the fit plotted in Fig. 7͑c͒ , with parameters given in Table III . As can be clearly seen, the difference plots no longer show any deviations. It is important to stress that a similarly good fit can only be obtained by splitting the core into two contributions with different IS. We interpret this as evidence for a varying electron density throughout the core of the Pt4 particles, caused either by surface screening, or by the QSE, or by a combination of both. To the best of our knowledge, this is the first time that such experimental evidence has been obtained from Mössbauer spectroscopy. We note that in the other microscopic technique mentioned above, namely, the measurement of the NMR line shape 19, 46 of this compound, the variation of the LDOS around E F is involved. In contrast, from the Mössbauer spectra we here find experimental evidence for a variation of the integrated LDOS ͑i.e., charge density͒ throughout the particle core as well.
Keeping the same division of the inner core, we can try in a next step to model the surface metal atoms with the second scenario, where we assume that the surface layer has ''metallic'' character, rather than ''nonmetallic.'' Accordingly, we assume a single IS value, identical for each surface site, determined from the fitting to the data, leaving free the QS for each site. From the cuboctahedral cluster shape, we find the following surface sites ͑see Fig. 2͒ : 12 atoms at the corners ͑c͒, 24 atoms on the triangular ͕111͖ surfaces ͑t͒, 54 atoms on the square ͕001͖ surfaces (s 1 ,s 2 ,s 3 ), and 72 atoms on the edges (e 1 ,e 2 : intersections between ͕111͖ and ͕001͖ surfaces͒. The resulting fit, plotted in Fig. 7͑d͒ ͑Table III͒, is of the same quality as that in Fig. 7͑c͒ , and has an IS well below 2 mm/s, as expected for Au atoms participating in a delocalized electron system. Apparently, it is not necessary to assume a ''nonmetallic'' surface layer, in which atoms bonded to ligands are monovalent, and unligated atoms pentavalent. Especially the latter valence appears to be an unphysical result, since it seems very unlikely that unbonded sites would have a higher valence than bonded ones. Contrastingly, it seems much more likely that the surface layer is part of the delocalized electron system of the metal core, and this assumption fits the data just as well. Careful examination of the resulting QS values ͑Table III͒ shows that they increase for the different sites, with a decreasing number of nearest neighbors ͑see Table II͒ . As we shall see below, all clusters show this same systematic correlation. We will come back to these points in Sec. VI. Of course, we do not want to claim that the IS and QS in reality do not depend on the ligation at all. However, it appears that these parameters depend more on the local metal-atom coordination than on the type of ligand, and that their correlation indicates a larger degree of delocalization at the surface metal atoms than was 197 Au/Pt, and reversed in sign ͑see text͒. In ͑a͒ and ͑b͒ a single core site was used, whereas in ͑c͒ and ͑d͒ this site has been separated in two contributions. In ͑b͒ and ͑c͒ the surface sites are assigned according to the attached ligands, and QS was calculated from IS depending on the indicated valency. In ͑d͒ the surface sites are assigned according to the local metal-atom coordination ͑cf. Fig. 2 and Table II͒ We next turn to data on another four-shell Pt cluster with a different ligand shell, namely, the Pt4cinc compound, for which a spectrum was recorded at Tϭ4.2 K. The chemical composition of this compound shows that there are many more ligands present than can be accommodated at the surface of a Pt4 particle. This hampers a judicious guess for the ligand structure, and thus we have to turn to a more simplified approach. We may again first assume that all surface sites have the Au atom in a definite valence state, with a QS-IS pair that exactly matches one of the correlation lines for the mono-, tri-, or pentavalent Au states, as used above for Pt4phen*. Since the numbers of atoms in each valence state are not known, we leave the relative intensities I for the surface sites as free parameters, whereas I for the core sites is set to the calculated values ͑using the bulk force constants, cf. Table II͒ , which fixes the total spectral weight for the surface as well. The core IS and D inter were left as free fitting parameters. The best fit was obtained with a surface consisting solely of Au I and Au V , presented in Fig. 8͑a͒ and Table IV . The relative weights of Au I and Au V in the surface are remarkably similar to those found for Pt4phen*. Apparently, the spectral contribution of the surface is very similar in both. Since the ligands are completely different, this implies that the shape of the surface spectral contribution is indeed mainly caused by the geometric structure of the surface of the Pt4 particle, instead of by the type of ligand, which is in accordance with the interpretation that we believe to be most likely, namely, that the surface layer remains part of a delocalized electron system. Just as in Pt4phen*, the mismatch between the fit and the data around the peak produced by the inner core ͓see the difference plot of Fig. 8͑a͔͒ is a strong indication for an IS value varying throughout the core. Figure 8͑b͒ shows a fit with two core sites, one containing the inner 55 atoms, and one containing those in the third shell. Just as for Pt4phen*, this fit is excellent, which we interpret as additional evidence that the electron density varies throughout the core.
Finally, Fig. 8͑c͒ shows a fit assuming a ''metallic'' surface, with a single IS for all surface sites, and a value of QS depending on the geometric location on the particle surface. The result is of the same quality as in Fig. 8͑b͒ . Again, we find an IS below 2 mm/s, and a QS that increases with a decreasing number of nearest neighbors ͑cf. Tables II and  IV͒. The result for D inter in all fits to the Pt4cinc data ͑approxi-mately 8 K͒ is much lower than for Pt4phen* ͑15 K͒, which means that the matrix in which the metal particles are embedded is much softer. The presence in the matrix of 369 acetate molecules per Pt4 particle, together with 102 cinchonidine ligands, may explain this difference. Many of the molecules are probably not rigidly connected to the Pt4 particles, which may increase their vibrational degrees of freedom, and produce a ''softer'' matrix for the Pt particles.
B. Colloids of Pt and Au particles
For the larger particles, the core contribution itself should be a single peak, with a bulk IS. The surface-to-volume ratio becomes very small, so that all surface effects should be less visible than in small particles. Also the QSE should gradually disappear with increasing size. On the basis of such considerations, the colloids form an attractive intermediate between the small molecular metal clusters and the bulk. The surface screening and QSE might still be visible in the Möss-bauer spectra, in particular for Pt-c33, and possibly for the intermediate Au-c65 and Au-c66 particles, which contain much smaller particles than Au-c172. However, there is little chance that the surface sites can be resolved so distinctly as in the molecular clusters, moreso since in the colloids there is a small distribution in size and shape of the particles. So, even for Pt-c33, the various different surface sites can probably not be distinguished from each other, as could be done in the Pt4 particles, but the large difference in f factors between surface and core sites should remain visible ͑cf. Table  II͒. Figures 9 and 10 show the spectra recorded at 4.2 K. The fits on the spectra of all three colloidal Au samples ͑Fig. 9 and Table V͒ have a single core site, with an IS around the bulk value. There appears to be no need to allow for a varying IS through this core, indicating that in Au particles larger than about 6 nm, the QSE and surface screening effects are too small to be resolved. This agrees with the theoretical expectations outlined in Sec. III. For Au-c172, the surface 197 Au/Pt, and reversed in sign ͑see text͒. The relative intensity I of the core sites was fixed to the calculated values ͑Table II͒. In ͑a͒, a single core site was used, whereas in ͑b͒ and ͑c͒, the core was divided into two contributions. In ͑a͒ and ͑b͒, the QS of the surface sites was calculated from the IS, depending on the indicated valency. In ͑c͒, the surface sites are assigned, according to the local metal-atom coordination ͑cf. Fig. 2͒, I for all sites is taken from Table II can be represented by one contribution to obtain a good fit, whereas for Au-c65 and Au-c66, two are needed. In the latter case, the IS was forced to be the same for both surface contributions, resulting in a low shift of about 1 mm/s with respect to that in bulk Au. This suggests, as above for the Pt4 particles, that the electrons in the surface layer participate in the delocalized electron system of the whole particle. Due to the distribution in shapes and sizes of the particles, we will not assign any significance to the QS values. Since only two sites are needed to fit the Au-c172 spectrum, the relative intensity of both could be left free as a fitting parameter. In order to relate these to an average surface f factor, we need values for the relative number of atoms in that site and for the core f factor. We take 9.7% for the relative number of atoms, which equals the fraction of atoms in a monatomic surface layer for a spherical chunk of bulk Au, with a diameter equal to the average diameter of the Au-c172 particles (17.2 nm͒. If we use for the core f factor the bulk value of 0.189, we find from the experiment an average surface f factor of 0.14, very similar to what is found for the smaller molecular clusters such as Au2. ͑See below.͒ Indeed, also for such a large particle the reduced metal-atom coordination on the particle surface still leads to the same drastic reduction of the f factor. For the two smaller colloids, Au-c66 and Au-c65, two sites are needed to represent the surface, the f factors of which were fixed to this same value of 0.14. As for Au-c172, the relative surface-to-volume ratio was calculated from the average particle diameters, thus fixing the relative intensity of the core sites. The resulting fits are satisfactory, the small deviations that remain visible in the difference spectra being probably caused by the abovementioned shape and size distributions, which would lead to an increase of the linewidth of the surface sites.
At variance with the Au colloids, the 3.3-nm Pt-c33 particles have a size close to that of the small magic number clusters. In fact, the average particle diameter approximately corresponds to that of a six-shell (Pt 923 ) magic number cluster, which would have a corner-to-corner distance of 3.6 nm and a square-face-to-square-face distance of 2.5 nm. The fraction of surface atoms in a Pt sphere with 3.3-nm diameter is still rather high ͑42%͒, and it is very close to the 39% surface fraction in a Pt6 cluster. For that reason, we modeled the spectrum of Pt-c33 with that expected for a Pt6 magic number cluster. We assumed a ''metallic'' surface consisting of two sites with an identical IS, but different QS. Figure  10͑a͒ and Table VI show the resulting fit, assuming a single core site. f factors were estimated, based on those found for the Pt4 clusters: 0.22 and 0.14, as averages for the core and for the surface, respectively ͑cf. Fig. 6 , and Table II͒ . However, just as in the single core fits to the Pt4 spectra, the difference plot shows a deviation around the central ͑core͒ peak, albeit less pronounced. Adding more surface sites does not improve the fit, but dividing the core into two contribu- FIG. 10 . Two different fits to the same data taken on Pt-c33 at Tϭ4.2 K. Symbols as in Fig. 7 . ͑a͒ Single core site, two surface sites. ͑b͒ Two core sites, two surface sites. Fig. 10͑b͒ ͑Table VI͒, which is clearly better. The core was again divided into two sites, one containing shells zero to three, and the other shells four and five. Thus, the Pt colloid appears to be still small enough to give a detectable variation of the electron density in the core, attributed to QSE and/or surface screening effects. The IS of the two surface sites can be taken as identical, resulting in values low enough to correspond to a ''metallic'' surface layer. The conclusions on the varying core IS in Pt-c33, and on the character of the surface of the Au and Pt colloids should be taken with care, since the fitted surface sites just reproduce the shape of the surface spectral contribution, and do not uniquely represent the large number of physically different sites in the assembly of colloidal particles, with shape and size distributions. However, the surface spectral contribution is apparently rather symmetric, in accordance with a constant IS for all surface sites, and its value is rather low, as expected for a ''metallic'' surface. We therefore conclude that the electron density in the core of 3-nm Pt particles may still be influenced by surface screening and QSE, whereas for Au particles larger than 6 nm, these effects are too small to be resolved. Furthermore, the surface shell of the Pt and Au colloids most probably is part of the delocalized electron system, as for the above presented Pt4 clusters.
C. Two-shell Au 55 The Pt and Au colloids thus appear to present very useful intermediates between the four-shell Pt 309 clusters and the bulk. In the opposite direction, towards smaller clusters, an excellent series of clusters to test the models described in this paper are the two-shell Au and Pt clusters, and the even smaller Pt 38 cluster. The Au2tpp cluster compound has been investigated by Smit et al., 20 followed by more extensive studies on several Au2 clusters with other ligands by Mulder et al., 21 and van de Straat et al. 23 As a typical example Fig.  11 shows the spectrum on Au2tpp recorded by Mulder et al. at Tϭ4.2 K, with the corresponding fit. This spectrum is also representative for the Au2 clusters with other ligands, except for a water soluble version 23 which will not be discussed here. The distinct structure of the spectrum allows for independent fitting, not only of the IS and QS, but also of the relative intensity I for each site. In a two-shell cuboctahedral particle, there are five geometrically different sites ͑cf. Fig. 2 and Table II͒: 1 central atom, 12 atoms in the first ͑inner͒ shell, and 42 in the second ͑surface͒ shell, of which 12 atoms are on the corners ͑c͒, 24 on the edges ͑e͒, and 6 in the center of each square ͑s, ͕001͖ planes͒. In all Au2 compounds studied, 20, 21, 23 the ligand shell is composed of 12 molecules of a PPh 3 derivative ͑see Fig. 3͒ , the type varying with the compound, and in addition six Cl atoms. These ligands are expected to be connected to the corners ͑c͒ and to the squares ͑s͒, respectively, which is likewise the geometric site assignment of the surface metal atoms. X-ray 68 and EXAFS 14 studies on Au2tpp revealed an fcc structure, with a lattice contraction relative to bulk Au of about 3-4 %, accompanied by a considerable decrease of the vibration factor compared to the bulk, and thus by a lattice stiffening of the particle. The central atom and the first shell were taken to have identical Mössbauer parameters, represented by a single core site ͑dashed line in Fig. 11͒ . Since the number of atoms participating in each site is given by the structure, the total intensity of each site is a direct measure for the effective f factors.
Mulder et al. 21 found zero QS in the inner core, confirming the cubic fcc structure. After correcting the measured ISϭϪ1.44 mm/s for the volume reduction due to the lattice contraction ͑from ␦IS/␦ ln VϭϪ6 mm/s, the correction is ␦ISϷϪ0.6 mm/s), one obtains IS corr ϷϪ2.0 mm/s, which deviates by about Ϫ0.8 mm/s from the bulk Au value (Ϫ1.22 mm/s). This deviation was attributed to charge transfer to the surface atoms, as well as further charge transfer to the ligands. The IS of all surface sites for three differently ligated Au2 particles varies between Ϫ0.2 and 1.0 mm/s. 21 The QS-IS pairs were located near the Au I region for the ligand-bonded sites, and near the Au III region for the unbonded ͑bare͒ sites ͑see also Fig. 4͒ . The evolution of the intensity of the lines with temperature between 1.5 and 30 K was translated into a temperature dependence of the f factors for each site separately, which could be fitted with the central Fig. 10 . Fixed parameters are indicated by bold faced values. The spectrum of the Pt-c33 particle was modeled by a Pt6 cluster, with 561 atoms in the core and 362 atoms at the surface. The relative intensity of the core was fixed, and the surface was modeled by two sites with identical IS. In ͑a͒, a single core site was used, whereas in ͑b͒, it was divided into two contributions. N is the site occupation, and We can now compare the previously derived force constant for Au2tpp with the here-obtained bulk value. The volume contraction of the cluster, compared to the bulk, would lead to a considerable increase of the bulk modulus, 14 and thus of the force constant, C Au-Au . As argued in Sec. IV, a reliable value for modeling the f factors in the bulk is C Au-Au bulk ϭ25.0(6) N/m. The experimentally observed C Au-Au ϭ30 N/m, deduced from f intra of all Au atoms in the Au2tpp clusters, is indeed considerably larger, confirming the volume reduction in these particles. The other Au2 clusters, which were not investigated by EXAFS, were found to give the same C Au-Au value, 21 from which we conclude that they have a contracted metal core as well.
From the observation that all QS-IS pairs for the surface sites fall in the regions for Au I and Au III , one might infer that the surface layer of the Au2 particles is ''nonmetallic.'' However, just as for the ''Au V sites'' in the Pt 4 clusters, a strong objection against such an interpretation is that it is very unlikely that the unbonded surface sites ͑here Au III ) would be oxidized even further than the bonded ones (Au I ). Furthermore, it is noteworthy that the values of IS on the surface of all Au2 clusters roughly lie between 0 and 1 mm/s, whereas the QS varies from 0 to 7 mm/s ͑see plus symbols in Fig. 4͒ . In the case of the Pt4 particles, we used a single IS value for the whole surface, at a value below 2 mm/s, and different QS values for geometrically different sites, to represent the ''metallic'' character of the surface layer. Since the geometric surface site assignment in Au2 particles is the same as that according to the ligands bonded to the surface atoms, the situation in Au2 particles appears to be very similar to that in the Pt4 particles. Therefore, the previously found similar IS values ͑between 1 and 2 mm/s͒ for the different surface sites of Au2 particles should in our opinion be interpreted as evidence for a delocalized electron system at the surface layer, with again the least coordinated surface sites having the highest QS values. ͑See Sec. VI.͒ As in the Pt4 clusters, the absence of a QS in the inner core of the Au2 clusters is in agreement with cubic packing. For the whole Au2 series, the average corrected IS of the core deviates from the bulk value by Ϫ1 mm/s. This may indeed be related to electron transfer to the ligands, or to other effects described above, namely, surface screening and QSE. A variation of the IS throughout the core would be hardly observable in this case, as there are 12 identical atoms with the same distance to the surface and only one central atom with a different distance. This ratio is too large to resolve the single central atom from the spectrum, although a different IS for this atom might explain the small remaining deviation between fit and data around Ϫ1 mm/s. At any rate, the fact that the IS values for the inner core are so close for all different Au2 clusters confirms our assumption that a lattice contraction as observed for Au2tpp is probably present in all these compounds.
The spectrum of the Pt2 cluster compound at Tϭ4.2 K is displayed in Fig. 12 . Fits were made using the ''metallic'' and ''nonmetallic'' surface models ͑see Table VII͒, as in the Pt4 clusters. We took only one site to represent the 13-atom core, as in the Au2 clusters. f factors were again calculated using the bulk force constants. The surface consists of three sites with different local symmetry ͑cf. Fig. 2 and Table II͒: 12 atoms on the corners ͑c͒, 24 on the edges ͑e͒, and 6 in the center of the squares ͑s͒. The distribution of the ligands over the surface is assumed not to change this site assignment, just as in Au2. There are 12 AsBu 3 ligands, probably located at all corners, and 20 Cl atoms. The latter are probably distributed as homogeneously as possible over the remaining surface: one on the center of each triangle ͑in total 8 Cl atoms͒ and two on each square ͑in total 12 Cl͒. Assuming first a ''nonmetallic'' surface layer, we can try several combinations for the valence states of the surface sites and see which one fits best. The best fit, shown in Fig. 12͑a͒ may be attributed, as in Au2, to the possibly combined effects of charge transfer to the ligands, surface screening, and the QSE. Figure 12͑b͒ shows the fit assuming a ''metallic'' surface with an IS identical for all surface atoms. Again, a correlation of the QS with the number of nearest neighbors is found ͑cf. Table II͒ . Unfortunately, the statistics in these data are not good enough to allow us to decide if this model is better than the ''nonmetallic'' surface model, although 2 values indicate a small preference for the latter, and again the values of IS are low for all surface atoms, except those at the corners. This may indicate that the delocalized electron system extends over all Pt atoms, except those at the corners.
Data for the smallest cluster discussed here, Pt 38 , have been reported before by van de Straat et al. 23 We reinterpret the spectra, using the new bulk force constants derived in the central force model ͑cf. Table II͒ . The result for the T ϭ4.2 K spectrum is shown in Fig. 13 , with a three-site fit ͑see Table VIII͒. The choice of sites is unambiguous in this case, since the molecular crystal structure is completely known. 7 The inner core consists of six crystallographically identical atoms, whereas there are only two different sites at the surface ͑cf. Figs. 1 and 2͒: 24 atoms at corners ͑c͒ and 8 atoms at the center of hexagons ͑h͒. All 32 surface atoms have a CO molecule as a ligand. In addition, there are 12 CO molecules bridging every two corner atoms. The site assignment thus remains unaltered by the ligands. As said above, most of the Pt-Pt distances deviate at most by 1% from the bulk value.
In these crystals, there are also two singly ionized tetraphenyl-phosphine (PPh 4 ) ϩ molecules present per Pt 38 unit, which charge the latter to Ϫ2e. The Coulomb forces, responsible for the intermolecular bonds, are thus expected to be much stronger than the van der Waals forces that bind the other investigated clusters into a molecular solid. The temperature dependence of the measured f inter between 4.2 and 60 K was fitted using the Debye model, leading to D inter Ϸ45 K, which is indeed much larger than that found for the Au2 ͑15-19 K͒ 21 and Pt4 particles ͑8 -15 K, see Sec. V A͒. However, in this case, the experimental f inter (T) is not very well represented by such a fit ͑see also Ref. 23͒, which may indicate the breakdown in this ionic solid of the possibility to write the total f factor in terms of a product of f intra and f inter . Since the cluster geometry and the ligand coordination is completely known, this Pt 38 particle forms an ideal system to test our two scenarios for modeling the surface sites. In the fit presented in Fig. 13 , all IS and QS values were left free, except that we fixed, as before, QSϭ0 in the core. It is striking to see that the IS of both surface sites, which are now definitely known to be the ͑c͒ and ͑h͒ sites, is almost the same and has a low value of about Ϫ0.1 mm/s. This indicates delocalized electrons, and an almost constant electron density over the surface, which we have interpreted as a strong indication for a ''metallic'' surface. If the surface would be ''nonmetallic,'' the different ligand coordination of ͑c͒ and ͑h͒ sites would most probably cause a different charging of both sites, resulting in different and larger IS values. So we conclude that, even in this very small particle, all Pt atoms appear to be part of a delocalized electron system, characteristic of a metal. Again, the least coordinated site ͑cf. Table II͒ has the highest QS, confirming the tendency observed in the other particles. The core IS ϭ0.68 mm/s, which may again be attributed to charge transfer with the ligands, and in this case also with the PPh 4 molecules, or to surface screening or QSE.
VI. SUMMARY AND CONCLUSIONS
We have presented and analyzed in this paper the collected results of an extensive 197 Au Mössbauer spectroscopic investigation on a series of Pt and Au metal nanoparticles of varying sizes. On the one hand, a series of molecular clusters is involved, which allows a detailed analysis of the contribution of the various sites in the inner core and on the surface of the particles. On the other hand, related Pt and Au colloids were available, which generally have a larger volume and thus form an attractive intermediate between the molecular nanoclusters and the bulk.
The physical properties that can be probed by Mössbauer spectroscopy are the electronic configuration and the vibrational modes. The electronic properties in small metal particles are expected to be influenced drastically by the small size. Confining free electrons to a small particle results in an oscillatory behavior of the electron density due to the QSE. A large surface-to-volume ratio produces a large contribution from the surface, so that all kinds of surface effects become important as well. Near to a metal surface, the electron density fluctuates due to screening of the surface ͑Friedel oscillations͒. These fluctuations, together with those from the QSE, are expected to produce a net variation of the IS inside the metal cores of the molecular clusters, which we have been able to confirm experimentally. The deviations between data and fits that do not take into account such oscillations decrease gradually with increasing particle size, in agreement with theoretical expectation that the amplitude of the fluctuations should decrease with increasing size. Au and Pt particles, with diameters up to 4 nm, do show the fluctuations, whereas Au particles with a diameter larger than 6 nm do not. The average IS values in the inner core of the particles do not show any clear correlation with the particle size, except that in the Au colloids it is almost the same as in the bulk, whereas in all the other particles it deviates slightly ͑less than 1 mm/s͒ from the corresponding bulk values. This may be due to surface screening and QSE, or to charge transfer with the different ligands, having varying degrees of electron acceptance.
In the monatomic surface layer of metal atoms, many effects play a role in the values of IS and QS. We have argued that these effects can be treated using the concept of a local density of states ͑LDOS͒. A tight-binding analysis then shows that the local metal-atom coordination has a dominant effect on the QS and IS for the various sites on a ''metallic'' surface, which we defined as one that is part of the volume over which electrons are delocalized, so that free charge exchange is possible between such a ''metallic'' surface and the rest of the metal particle. This results in, among others, surface level shifts 48 that depend strongly on the number of nearest neighbors of a surface atom. Variations in QS can then be quite large, whereas those in IS are expected to be much less pronounced. Furthermore, delocalized bonds in very small Au clusters usually result in low values of the IS. The local symmetry at a surface site is another important aspect that can have a large influence on the value of the QS.
All metal nanoparticles are stabilized by ligands, to prevent them from coalescing. These ligands may have a variety of effects. First of all, they will act as electron donors or acceptors, thus charging the metal core and changing its average IS. Furthermore, they interact directly with the surface metal atoms, which may influence their QS and IS values. If the surface layer would be ''nonmetallic,'' atoms in that layer may accumulate some charge, so that they would resemble atoms in a certain valence state, as in insulating monatomic Au complexes. The QS and IS then would become reminiscent of Au I , Au III , or Au V . We have shown that this approach systematically leads to unphysical results for the valence states, namely, a higher oxidation state for unligated surface atoms than for ligated surface atoms. On the other hand, assuming a ''metallic'' surface layer, with a single value of IS over the whole surface, leads to good fits in all cases presented, and to very low IS values, from which we conclude that the surface layer remains part of the delocalized electron system, characteristic of a metal, even for metal particles down to a size of only 38 atoms. An interesting feature that emerged is that the QS value of a surface site is strongly correlated with the local metal-atom coordination. The number of nearest neighbors has a large influence on surface level shifts, but this cannot fully explain the variation of QS. Another important factor will be the symmetry of the local coordination of the metal atom. In our cuboctahedral molecular clusters, as well as in Pt 38 , this symmetry becomes more and more cubic with an increasing number of nearest neighbors. From insulating monatomic Au complexes, we know that QS is generally higher for compounds with a less cubic coordination of the Au atom. ͑The QS decreases in the series Au I , Au III , Au V .͒ This may be related to the observed correlation. Obviously, more detailed theoretical calculations would be very welcome for a full account of the experimentally observed strong and systematic variations. *Corresponding author. Email address:
